This study compared reconstruction algorithms [filtered back projection (FBP) and simultaneous iterative reconstruction technique (SIRT)] with respect to radiation doses and image quality and suggested the possibility of decreasing the exposure dose in digital breast tomosynthesis (DBT). These two existing algorithms were implemented using a DBT system and experimentally evaluated using contrast-detail (CD) phantom measurements, such as contrast-to-noise ratio (CNR), root mean square error (RMSE), intensity profile, and artifact spread function (ASF), and the results obtained with FBP and SIRT were compared. The potential dose reduction, contrast improvement, quantum noise reduction, and artifact reduction in DBT were evaluated using different exposures and the two reconstruction techniques. The effectiveness of each technique for enhancing the visibility of a CD phantom was quantified with respect to CNR and RMSE, and artifact reduction was quantified with respect to the intensity profile and ASF. SIRT produced reconstructed images with CNR values indicative of high-contrast detection. Image error was smaller in the in-focus plane SIRT images, and artifacts were decreased in these images according to the determined intensity profiles and ASF. These results suggest that when using SIRT, the exposure dose could possibly be decreased to half.
Introduction
High-resolution imaging digital mammography can successfully detect masses and microcalcifications, which T. Gomi 517 are markers of interest during breast cancer screening. Despite the success of mammography for early breast cancer detection, this method is associated with superposition issues because of its 2-dimensional (2D) acquisition geometry. Digital breast tomosynthesis (DBT) aims to overcome these issues by generating images with limited-angle tomographic projections.
Tomosynthesis refers to a limited-angle image reconstruction method in which a dataset of projections acquired at regular intervals during a single acquisition pass is used to reconstruct planar sections post priori. Tomosynthesis slices have high resolution in planes parallel to the detector plane. Furthermore, tomosynthesis provides the additional benefits of digital imaging [1] [2] , as well as the tomographic benefits of computed tomography (CT) at a reduced radiation dose and costs, in an approach that can easily be implemented in conjunction with radiography. However, these images are invariably affected by blurring, which is caused by objects that lie outside the plane of interest but are superimposed on the focused fulcrum plane image by the limited acquisition angle. This blurring can result in poor object detectability in the in-focus plane.
DBT is among the most promising techniques for the improvement of early breast cancer detection [2] - [5] because it can provide 3-dimensional (3D) structural information by reconstructing an entire image volume from a sequence of projection-view mammograms acquired at a small number of projection angles over a limited angular range, and the total radiation dose is comparable with that used during regular mammography screening. DBT has been shown [6] to decrease the camouflaging effect of the overlapping fibroglandular breast tissue, thus improving the conspicuity of subtle lesions. Several digital mammography-based DBT systems have been developed [7] , and preliminary pilot clinical studies are ongoing to evaluate the utility of this technique [2] [8] .
Various DBT reconstruction methods have been explored previously [3] [9]- [11] . However, image quality assessments have been based on the use of phantoms with features that did not address radiation doses. In fact, to date, no studies have quantitatively compared DBT algorithms with respect to image quality and radiation dose. One recent CT technique, iterative reconstruction (IR), was found to effectively decrease quantum noise and radiation exposure [12] . IR might yield improvements in image quality and exposure dose reduction relative to those associated with the conventional filtered back projection (FBP) technique. In this study, we chose to focus on the simultaneous iterative reconstruction technique (SIRT) [13] . This DBT study evaluated and compared the reconstructed image qualities and possible exposure dose reduction associated with the FBP and SIRT algorithms. The algorithms were implemented using a DBT system and experimentally evaluated through contrast-detail (CD) phantom measurements.
Materials and Methods

DBT
The DBT system (Selenia Dimensions, Hologic Inc., Bedford, MA, USA) comprised an X-ray tube with a 0.3-mm focal spot and a 240 × 290-mm digital flat-panel amorphous selenium detector. Each detector element was 70 × 70 μm in size. Tomography was performed using a linear tomographic movement, a total acquisition time of 3.7 s, and an acquisition angle of 15˚. Projection images were sampled during a single tomographic pass (15 projections) and used to reconstruct tomograms of a desired height. Reconstructed images (0.1 mm/pixel) were obtained at 1-mm reconstruction intervals. The distance between the isocenter and the detector was 700 mm (0.7-mm aluminum-equivalent filtration).
Reconstruction Algorithm
In FBP algorithms, which are widely used in tomography, many projections are acquired for cross-sectional image reconstruction. In 2D tomographic imaging, object projecting corresponds to sampling perpendicular to the X-ray beam in the Fourier space [9] . The relationship between the radon transform and cone-beam projections has been thoroughly studied, and cone-beam reconstruction solutions have been provided [9] . 2D image filtering via multiplication of the Fourier transform by a Ramp or Shepp-Logan (SL) filter kernel restores the proper impulse shape to the reconstructed image. Filtration in a 2D Fourier space comprises an acceptable image restoration method, but a much more rapid equivalent filtering response might be obtained by filtering the 1-dimensional projection data prior to back projection. The FBP algorithm generally provides highly precise 3D reconstruction images [9] . In this study, a conventional SL filter kernel was used to reconstruct the FBP images.
IR algorithms perform reconstruction recursively [10] [11], unlike the 1-step operation used in back projection and FBP algorithms. Instead, reconstruction is accomplished by iteratively updating unknown linear attenu-T. Gomi 518 ation coefficients through minimization of the error between the measured and calculated projection data.
The original method in this family of algebraic reconstruction techniques (ARTs) [13] has already been determined. ART features a fast convergence speed because only a single projection value is used to update linear attenuation coefficients at a given time point, but it converges to a least-squares solution that can result in considerable noise when severely ill-posed inverse problems such as limited-angle reconstruction are addressed. Variations have been proposed regarding ART implementation in order to facilitate improvements. ART can be modified in accordance with other methods such as SIRT [13] , depending on the amount of projection data and the method used to update the current estimation. SIRT is applied iteratively such that reconstructed volume projections, which are computed from an image formation model, resemble the experimental projections. In this study, 10 SIRT iterations were used for image quality.
FBP and SIRT image reconstruction processing from real DBT system projection data was performed using MATLAB (Mathworks, Natick, MA, USA) [14] .
Phantom Specifications
A CD phantom and polymethyl methacrylate (PMMA) slabs were used for the evaluation of low-contrast resolution. CD phantoms of different diameters (artificial region, CaCO 3 ) and thicknesses were arranged within the PMMA slabs (Figure 1 ). For X-ray imaging, we arranged the PMMA slabs (150 × 150 mm, 100-mm thickness) on the top and bottom of the CD phantom.
Exposure Dose Measurement
Each radiation dose setup was acquired with the following settings: a reference exposure dose [automatic exposure control = the exposure condition of a 40-mm phantom (CD phantom + PMMA phantom) and determined tube voltage and tube current values] of 28 kVp, 50 mAs; a half-exposure dose of 28 kVp, 24 mAs; and a quarter-exposure dose of 28 kVp, 12 mAs. All target and filter combinations comprised tungsten (W) and rhodium (Rh).
We calculated the average glandular dose (AGD) according to the method suggested by Dance et al. [15] . For 2D breast examinations, the dose D was calculated as follows: Figure 1 . Illustration of the contrast-detail (CD) phantom used in this study.
where k was the incident air kerma at the upper surface of the breast, measured without backscatter from the breast, and g, c, and s were conversion factors. For 3D breast examinations, the dose D T was calculated as follows:
Here, the incident air kerma, K T , was again measured in the "straight through" position, but this time it takes into account the tube current during the examination; T was a conversion factor. A Piranha radiation exposure measurement device was used (RTI Electronics AB, Sweden). The purpose of the exposure dose measurement was to convert the established exposure condition (mAs) into AGD (mGy). Results of AGD were as follows: for the reference exposure dose (thickness 30 mm; 1.78 mGy, thickness 40 mm; 1.51 mGy, thickness 50 mm; 1.29 mGy, thickness 60 mm; 1.13 mGy); for the half-exposure dose (thickness 30 mm; 0.93 mGy, thickness 40 mm; 0.78 mGy, thickness 50 mm; 0.67 mGy, thickness 60 mm; 0.59 mGy); and for the quarter-exposure dose (thickness 30 mm; 0.48 mGy, thickness 40 mm; 0.40 mGy, thickness 50 mm; 0.34 mGy, thickness 60 mm; 0.30 mGy).
Image Contrast
All experiments (for image contrast, error image, and artifact evaluation) were performed according to the arrangement shown in Figure 2 . To quantitatively evaluate the quality of the reconstructed image, we calculated the image contrast derived from the contrast-to-noise ratio (CNR) [16] of selected features to determine lowand high-contrast detectability (regions, φ 2 and φ 5 mm; CaCO 3 , 250 and 100 mg/ml) in the in-focus plane. CNR was defined as follows: T. Gomi 520
Error Image Differences
Another important metric to consider is the root mean square error (RMSE), which can be computed by obtaining the root of the summed squares of the standard deviation and bias. The image plane errors were defined in terms of RMSE as follows:
where X was the observed image, i x was the reference image, and n was the number of compounds in the analyzed set. In this study, the reference images were reference dose reconstructed images, the observed images used to compare RMSE were half-and quarter-dose reconstructed images in the in-focus plane.
Artifacts
To evaluate the effects of artifacts on the reconstructed image features in the adjacent out-of-plane (z direction) area, we calculated the artifact spread function (ASF). Different in-focus plane reconstruction methods (region: φ 5 mm; 250 mg/ml CaCO 3 ) were used to compare intensity profiles. Wu et al. proposed an ASF metric that would quantify the artifacts observed in planes outside the focus image plane [17] . These artifacts, which resemble real features, are generated from real features observed within the focus image plane. The ability of DBT to differentiate superimposed features along the z direction might be reflected in the ASF measurement. The artifacts exhibited in the image plane can be defined by ASF as follows:
where z 0 and z represent the in-focus plane and out-of-plane locations of the real features, respectively; N artifact (z 0 ) and N BG (z 0 ) represent the average pixel intensity ROIs of the artifact and image background in the in-focus plane, respectively; and N artifact (z) and N BG (z) represent the average pixel intensity ROIs of the artifact and image background in the out-of-plane, respectively. A ROI size of 2 × 6 pixels was chosen for the evaluations of all features.
Results
We compared the intensity profiles, CNRs, RMSEs, and ASFs of reconstructed images obtained using different exposure conditions with FBP and SIRT. The results revealed that SIRT produced reconstructed images with high-contrast detectable features with no artifacts in the vertical direction (X-ray sweep direction). A review of the results revealed that both DBT artifact reduction and high-contrast (250 mg/ml) resolution were highest with SIRT, but low-contrast (100 mg/ml) resolution can be seen better with FBP at the lowest dose level (Figure 3) . However, the contrast resolution was higher in the FBP images than in the SIRT images. The high-contrast and large-diameter (5 mm) characteristics of SIRT yielded an increase in the in-focus plane CNR values, whereas the low-contrast and small-diameter (2 mm) characteristics yielded equivalent in-focus plane CNR values. Using FBP, the reference dose detectability rates in the CNR experiment were approximately equivalent to those of the high-contrast and large-diameter characteristic half-dose images generated using SIRT. Comparisons of the CNR values at different exposure doses revealed that the improved results required exposure above that of a half dose because the CNR value for the half-dose SIRT image was close to that of the reference dose image. This result suggests that the exposure dose might possibly be decreased to half (Figure 4, Figure 5) .
The RMSE values ( Table 1 ) revealed a reduction in vertical direction (X-ray sweep direction) artifacts with SIRT, and this technique more effectively decreased quantum noise in the half-dose images. In addition, these results indicated that the improved artifact reduction with SIRT was unrelated to the exposure dose. For 40-, 50-mm, and 60-mm phantom thickness, the FBP images had higher RMSE values (60-mm: reference between quarter only), and for 30-and 60-mm thickness, the SIRT images had higher RMSE values (60-mm: reference between half only).
The intensity profiles of the FBP and SIRT images are presented in Figure 6 (upper). Artifacts were decreased with SIRT, and the consequent improvements in image quality (related to the signal undershoot) were demonstrated. The charts in Figure 6 (lower) present the ASF results for the CD phantom. The charts demon- 
Discussion
Our experimental results clearly demonstrate the possibility that the exposure dose can be decreased to half in low-dose DBT images using the evaluated SIRT. For example, the efficiency of this technique could be quantitatively assessed on the basis of intensity profiles, CNR, RMSE, and ASF, which are presented in Figures 3-6 and Table 1 . In the CNR experiment, the detectable contrast in the reference dose (FBP images) and half-dose images obtained using SIRT were approximately equivalent; therefore, this technique could potentially decrease the DBT exposure dose.
Results of the CNR experiment are not in complete agreement with the visual impression of Figure 3 . One reason may be that CNR is a zero frequency measure, and for visual impression, higher frequencies play a role. In DBT FBP, low-frequency contributions are largely suppressed, but visually perceived acuity might be good because of some level of edge enhancement.
At a given projection angle, an attenuation feature can create artifacts in any voxel along lines between the X-ray source and the projection feature pixels. Artifact reduction becomes more difficult with an increase in the attenuation feature size or a decrease in the distance between the voxel and the attenuation feature. SIRT does not assume even noise distribution across the entire image. Instead, an algebraic matrix is used to selectively identify and then subtract noise from the image according to a mathematical model. The result is a less noisy image, which is an unexpected effect of image artifact reduction.
In general, observed artifacts in an image are caused by the loss of the largest normal contributions from artifact-free voxels. These voxels have normal original contributions, and their values are slightly decreased after the largest normal contribution is omitted. A voxel with a single abnormal contribution rejects this contribution while retaining all other contributions, including the largest normal contribution. Therefore, these voxels tend to exhibit higher values than their neighboring artifact-free voxels, leading to the appearance of objects (especially high-contrast), in which artifact-free voxels are more noticeable in the background. This phenomenon is a drawback of the FBP technique, but artifacts due to this effect are very evident when such images are compared with artifact-free images.
In DBT reconstruction, the noise mask is calculated as the sum of the restored set of all DBT plane-blurred replicas that have been weighted accordingly. Therefore, this sum contains the image, which is added to the plane of interest as quantum noise. However, this sum also contains a directionally blurred version of the tomogram of interest. The edges of the reconstructed objects in the plane of interest are enhanced in the direction of the line that intersects the tomogram with the trajectory plane.
There were some potential limitations in our phantom study. First, the materials constituting the phantom were pure PMMA, and the research was not performed using real mammary gland tissues. However, we believe that the consistency of PMMA is an accurate representation of real mammary gland tissue. Second, the aim of this phantom study was to evaluate the low-contrast resolution. Our results have limitations, but we suggest that they can be used as reference data in the consideration of reducing radiation exposure.
In conclusion, our experimental results clearly demonstrate that SIRT can be used to improve image contrast by effectively removing quantum noise and suppressing streak artifacts in DBT images obtained using both reference and half-exposure doses. However, low-contrast resolution can be seen better perceived with FBP at the lowest dose level. Using SIRT, the radiation levels could be decreased to approximately half of that used for the FBP technique.
